Introduction
Many proteins that participate in growth factor and cytokine signal transduction induce oncogenic transformation when they are mutated or overexpressed. The activation of phosphoinositide-specific phospholipase C (PLC*) is one of several early responses to various growth factors and mitogens as they bind to specific cell surface receptors (1) . Activated PLCγ hydrolyses PtdIns(4,5)P 2 generating the second messengers inositol 1,4,5-triphosphate (IP 3 ) and diacylglycerol (DAG) (2) . IP 3 induces the release of calcium from intracellular membrane stores and DAG is a biological activator of protein kinase C (PKC). Downstream effectors of phosphoinositide-specific phospholipase Cγ (PLCγ) signaling include PKC, Raf-1, MAP kinase, ternary complex factor and Jun (3, 4) . PtdIns(4,5)P 2 metabolism was shown to correlate to proliferation as mitogenesis induced by bombesin or platelet-derived growth factor (PDGF) was inhibited by microinjection of a monoclonal antibody to PtdIns(4,5)P 2 (5) . Phosphoinositide turnover in ras transformed cells was 3-fold higher than in parental cells (6, 7) , and basal rate production of IP 3 and DAG was significantly increased in cells expressing mutated oncogenic forms of ras (1, 8) , implying a chronic stimulation of PLC-dependent PtdIns(4,5)P 2 turnover in these transformed cells. Direct evidence for a mitogenic activity for PLCγ was demonstrated when purified protein was microinjected into quiescent NIH 3T3 cells and the cells replicated their DNA (9) . Recently, studies with one of the transforming elements of polyomavirus, middle tumor antigen, suggest that PLCγ plays a critical role and is required for middle T antigen-induced transformation of cells (10) .
PLCγ is recruited from the cytosol to the inner surface of the cytoplasmic membrane through direct association of its SH2 domain with the phosphoryl-tyrosine residues on the cytoplasmic tails of specific activated receptor tyrosine kinases, and PLCγ is subsequently catalytically activated by sitespecific tyrosine phosphorylation (11) (12) (13) . We determined that monoclonal antibodies against PLCγ inhibit serum-and Rasinduced mitogenesis suggesting that Ras and PLCγ signaling pathways crosstalk (14) . In addition, lipase defective PLCγ still induces intermediate levels of DNA synthesis after injection into quiescent NIH 3T3 cells (15) , which could be restored to wild-type PLCγ levels of DNA synthesis induction by coinjection of IP 3 and DAG (15) . These results indicate that PLCγ has two inherent activities responsible for the induction of mitogenesis in the microinjection assay. Enzymatic lipase activity up-regulates the PKC signaling pathway and the second activity is attributable to the PLCγ SH domain, since PLCγ SH domain peptides were shown to induce DNA synthesis after microinjection (16, 17) . Ectopic expression of PLCγ may sanction the interaction of PLCγ SH domains with other cellular proteins that contain complimentary domains. This deregulation of SH domain binding interactions may elicit growth promoting signal transduction. Thus, PLCγ can induce proliferation of quiescent NIH 3T3 cells by two independent mechanisms, the enzymatic hydrolysis of PtdIns(4,5)P 2 to form second messengers that activate PKC, and through direct or indirect binding interactions with complementary SH domain proteins.
The studies described above signify that PLCγ has a mitogenic potential and suggest that it could be important during the initiation, promotion or progression of neoplastic transformation. Oncogenes have activities in the microinjection assays similar to those found for PLCγ, suggesting the possibility that PLCγ could be transforming. In order to investigate the transforming potential of PLCγ in animal model systems, a PLCγ cDNA expression plasmid was transfected into NIH 3T3 cells and stable transfectants were cloned. PLCγ/3T3 transfectants were found to form colonies in soft agar and to induce tumors after injection into nude mice.
Materials and methods

Cell culture and transfection
The parental NIH 3T3 cell line, provided by M.Barbacid, was grown in Dulbecco's modified essential medium (DMEM, Gibco-BRL, Grand Island, NY) supplemented with 10% calf serum, 2 mM glutamine, 100 U/ml penicillin and 100 µg/ml streptomycin. Log-phase growing cells (2ϫ10 5 ) were seeded into 100-mm dishes and incubated overnight to~50% confluence. The cultures were washed twice with serum-free Opti-MEM I media (Gibco-BRL, Grand Island, NY). Eukaryotic cDNA expression plasmids (1-10 µg) were mixed with Lipofectin reagent (Gibco-BRL, Grand Island, NY) and added to the rapidly proliferating cultures in 4 ml of serum-free Opti-MEM I media for 24 h. The media volume was then doubled and the culture was made 10% in fetal calf serum for another 24 h incubation. The media was changed to DMEM supplemented with 10% fetal calf serum and 600 µg/ml G418 (Gibco-BRL, Grand Island, NY). After 24 h the confluent cultures were passaged into 3ϫ100 mm dishes and the media was changed every 2 days for 18-21 days. Foci formed/nM DNA was averaged from three separate transfection experiments.
Immunoblot and immunocytochemical analysis of PLCγ expression
Actively growing cells were washed with ice-cold phosphate buffered saline (PBS) (140 mM NaCl, 15 mM KH 2 PO 4 , pH 7.2, and 2.7 mM KCl) and incubated on ice in 1-1.5 ml of lysis buffer (10 mM Tris-HCl, pH 7.4, 120 mM NaCl, 10 mM MgCl 2 , 0.2% NP-40, 1 µg/ml aprotinin, 1 µg/ml leupeptin, and 1 mM phenylmethylsulfonyl fluoride) for 20 min. The lysate was clarified by centrifugation at 20 000 g for 15 min. An aliquot of 20 µg of protein, determined with BioRad protein reagent, was electrophoresed on a 10% SDS-polyacrylamide gel followed by transfer to nitrocellulose filters in 25 mM Tris-HCl, pH 7.5, 190 mM glycine and 20% methanol for 1.5 h at 0.5 amp. Equal loading of protein was monitored by staining the nitrocellulose filters with Ponceau S solution (Sigma, St Louis, MO). The filters were blocked for 2 h in 5% non-fat dry milk, 2% goat serum, 0.25% Tween 20, 150 mM NaCl, and 20 mM Tris base, pH 8.2. Immunoprobing with antimurine PLCγ monoclonal antibody (3 µg/ml) or anti-rabbit PLCγ polyclonal antibody (1 µg/ml, Santa Cruz, San Diego, CA) was carried out for 2 h at room temperature in blocking buffer with 0.02% sodium azide. The filters were washed four times in 20 mM Tris-HCl, pH 8.2, 150 mM NaCl, 0.05% Tween 20 (TBST), probed with 200 ng/ml peroxidase-labeled goat anti-mouse or goat anti-rabbit IgG for 2 h in blocking buffer. After washing in TBST, the filters were processed for enhanced chemiluminescence and protein bands were visualized on Kodak XAR film.
PLCγ expression was also evaluated in actively proliferating cultures of PLCγ/3T3, vector/3T3, and parental NIH 3T3 cells by immunocytochemistry with anti-rabbit PLCγ polyclonal antibody. Cells were grown on glass coverslips to~50% confluence and fixed with -20°C methanol/acetone. Antirabbit PLCγ polyclonal antibody (2 µg/ml) in PBS-Tween 20 (0.05%) was applied to the cells for 1 h, washed with PBS-Tween 20, stained with rhodamine-labeled goat anti-rabbit IgG (1/250) and washed extensively with PBS.
Cell growth in monolayers
Cells were seeded at 2ϫ10 5 in 100-mm dishes and grown in DMEM supplemented with 10% fetal calf serum for up to 9 days. Cultures were replenished with fresh media every other day. Cells from duplicate dishes were harvested with trypsin daily and the total number of cells was determined by counting with a hemocytometer. Doubling time was estimated from log phase growing cultures, and saturation density was determined 4 days after the cultures had reached confluence. The experiment was repeated three times per cell line and the results are reported as the mean Ϯ SD.
Anchorage-independent growth in soft agar Cells (1-4ϫ10 4 ) were suspended in 1 ml of 0.35% (wt/vol.) agar/enriched media solution, containing DMEM, tryptose phosphate broth and 10% fetal calf serum. The cell/agar suspension was overlaid onto a 0.5% (wt/vol.) agar/ enriched media supplemented with 10% fetal calf serum in 35-mm dishes. The vector/3T3 and PLCγ/3T3 cultures were supplemented with 400 µg/ml of G418. The agar cultures were replenished with 0.5 ml of the appropriate 178 media every 6 days. Cultures were photographed under incandescent lighting at 180ϫ and 0.7ϫ and scored for growth in the 0.35% agar layer after 18-22 days of incubation. A colony was scored positive if it contained eight or more cells and colony size was estimated with a micrometer objective.
Proliferation in low serum medium
Cells were seeded onto glass coverslips at 3-4ϫ10 5 per 35-mm dish in DMEM supplemented with either 0.5% or 10% fetal calf serum and incubated at 37°C for [44] [45] [46] h. The cultures were pulsed with [ 3 H]thymidine (0.5 µCi/ ml, 70-86 Ci/mM, Amersham, Arlington Heights, IL) for 4 h, washed with phosphate buffered saline, pH 7.2 (PBS), fixed with 2.5% (v/v PBS) glutaraldehyde and autoradiographed for 2 days in Nuclear Tracking Emulsion (Eastman Kodak, Rochester, NY). The percent thymidine positive cells was determined by randomly counting the uptake of labeled thymidine into the nuclei of 500-600 cells on each coverslip. Each cell line was assayed at least three times in duplicate (~3200 total cells were scored for each cell line).
Cell-cycle analysis and mitotic index determination
For FACS cell-cycle analysis, cells (1-2ϫ10 5 ) were seeded into 100-mm dishes, grown to 60% confluence, harvested with trypsin and washed with PBS. Lysis was achieved in Thornthwaite cell cycle buffer [25 mM HEPES, 138 mM NaCl, 5 mM KCl, 440 µM KH 2 PO 4 , 335 µM Na 2 HPO 4 , 1 mM CaCl 2 , 0.5 mM MgCl 2 , 0.4 mM MgSO 4 , 0.2% (w/v) bovine serum albumin, 0.4% Nonidet P-40, pH 7.4] supplemented with 10 units/ml RNase A and 35 µg/ml of propidium iodide. The lysates were incubated at room temperature for 1 h and stored in the dark at 4°C for 18-48 h. The analysis was run with a Coulter EPICS Profile. For mitotic index determination, cells were seeded (3-5ϫ10 4 ) onto glass coverslips in 35-mm dishes with DMEM supplemented with 10% fetal calf serum and grown to 50-60% confluence. The log-phase growing cultures were washed with PBS and fixed in -20°C methanol/acetone. The cells on the coverslip were stained with Giemsa and scored for interphase and mitotic phases (prophase, metaphase, anaphase and telophase). Approximately 1200 cells on each coverslip were scored under incandescent lighting with a Leitz Labourlux microscope and the experiment was repeated five times (~7000 total cells were scored per cell line).
Tumorigenicity studies in nude mice
PLCγ/3T3 and control cells were seeded into 75-mm flasks (1-8ϫ10 4 ), grown for 2-3 days and harvested with trypsin. The cells, 10 6 suspended in 100 µl of PBS, were injected subcutaneously into the left flank (near the lower limb) of 6-week-old female athymic Ncr-nude mice (Animal Production Program, NCI-FCRDC, Frederick, MD). Animals were monitored for tumor appearance and growth twice a week. Mice that developed tumors were euthanized when the tumor mass exceeded 25 mm 2 . Mice that did not develop tumors were observed for 80-100 days. Cell lines were derived from tumors by mincing the tissue, digesting with trypsin and washing extensively with 10% fetal calf serum medium. Suspensions of single cells were put into 75-mm flasks and selected with G418 at 400 µg/ml in DMEM supplemented with 10% fetal calf serum.
Results
Transfection of PLCγ expression plasmid into NIH 3T3 cells
To examine the effects of overexpression of PLCγ in NIH 3T3 cells, a PLCγ cDNA expression plasmid controlled by the murine leukemia virus LTR (Figure 1 ) was transfected into NIH 3T3 cells. The transfection assays were controlled with parental NIH 3T3 cells and NIH 3T3 cells transfected with vector, v-ras, and v-src expression plasmids. The parental and vector transfection cultures did not form transformed foci after 22 days of incubation. However, after 15-22 days small density-inhibited G418-resistant colonies formed in the vector transfected cultures, and they were cloned and grown as vector controls ( Figure 2A , Table I ). PLCγ cDNA transfection resulted in transformed foci after 15-18 days of incubation (Figure 2 B and C, Table I ). The PLCγ expression plasmid induced the formation of transformed foci in a dosage-dependent manner (data not shown). Parental NIH 3T3 cells did not form foci or colonies under conditions of G418 treatment ( Figure 2D ). PLCγ consistently induced transformed foci at 60% the efficiency compared with the foci induced by the ras and src oncogenes per nM of DNA (Table I) . Twenty eight PLCγ-expressing neomycin (G418)-resistant foci (PLCγ/3T3) from three separate (Table II) . The doubling time for Ras/3T3 cells (22 h) was more similar to the PLCγ/ 3T3 cells than the vector/3T3 and parental cells (Table II) . The PLCγ/3T3 cells were found to be less responsive to density inhibition (Table II) , and continued rapid proliferation after reaching confluence while vector/3T3 and parental NIH 3T3 cells proliferated more slowly. Ras/3T3 cells reached a higher saturation density than did the PLCγ/3T3 cells (Table II) . PLCγ overexpression augments proliferation in low serum medium The ability of the PLCγ transfectants to proliferate in low serum medium was assessed by measuring the relative incorporation of [ 3 H]thymidine into nuclei during a 4-h pulse after growth in 0.5% fetal calf serum DMEM for 48 h. PLCγ/ 3T3 cell proliferation was compared with vector/3T3 cells, parental NIH 3T3 cells and NIH 3T3 cells that were transformed by the potent oncogenes, v-ras and v-src (Figure 4) . A total of 24% of the PLCγ/3T3 cells incorporated [ 3 H]thymidine into nuclei compared with~4% for vector/3T3 and parental NIH 3T3 controls. The percentage of proliferating PLCγ/3T3 cells in low serum media was 63% of that observed in v-ras and v-src transformed NIH 3T3 cells, where~38% of the population incorporated [ 3 H]thymidine into nuclei (Figure 4 ). This result clearly demonstrates that overexpression of PLCγ gives NIH 3T3 cells a growth advantage in low serum medium. Cell lines (PLC T1 Cl-1 and PLC T2 Cl-1) derived from tumors that grew in mice injected with PLCγ/3T3 cells were also tested in the proliferation assay (Figure 4) and the result will be discussed below.
Cell-cycle distribution profiles and mitotic index analysis
Overexpression of PLCγ significantly altered the growth properties of NIH 3T3 cells. We next examined the effect of PLCγ overexpression on cell-cycle progression using flow cytometry and performed a mitotic index analysis. The FACS cell-cycle analysis profiles for actively growing cultures of 5 ) were seeded into 100-mm dishes and grown overnight to~50% confluence. The cultures were washed with serum-free Opti-MEM I media. Eukaryotic cDNA expression plasmids (1-5 nM) were mixed with Lipofectin reagent and added to rapidly proliferating cells in 4 ml of serum-free Opti-MEM media for 24 h. The media volume was then doubled and the culture was made 10% in fetal calf serum for another 24 h incubation. The media was changed to DMEM and supplemented with 10% fetal calf serum and G418 (600 µg/ml). After 24 h the confluent monolayers were passaged into 3ϫ100 mm dishes and media was changed every 2 days for 18-22 days. The mean foci formed per nM of DNA Ϯ SD deviation was obtained from three separate experiments.
vector/3T3 cells ( (Table III) . The percentage of metaphase cells was doubled and the telophase percent was 4-5 times that observed in the control cell lines. Overexpression of PLCγ delays specific mitotic transitions. In summary, overexpression of PLCγ delays cell-cycle progression in G 1 and mitosis, and possibly even more important for transformation, accelerates the S and G 2 phases.
Monolayer attributes and anchorage-independent growth in soft agar
The PLCγ/3T3 and control cell lines were tested for their ability to form transformed-like foci during monolayer growth and to proliferate in soft agar suspension ( Figure 6 ). Confluent monolayers of vector/3T3 cells ( Figure 6A ) did not form foci of transformed cells, while monolayers of PLCγ/3T3 cells (clone1, B, clone-2, C and clone-3, D) did form transformed foci 5-6 days after the cultures reached confluence. In addition, PLCγ/3T3 cells formed anchorage-independent colonies in soft agar suspension. Efficiency of growth and colony size in soft agar were determined after 18-21 days of incubation. Vector/ 3T3 cells formed small colonies (0.2 mm) at a very low frequency (3% , Table II and Figure 6 , panels E and I). Ras/ 3T3 cells formed large colonies (0.9-1.7 mm) at an efficiency of 51% (Table II) . The PLCγ/3T3 transfectants (Table II and Figure 6 , panels F-H and J-L) grew into colonies that were almost the same size as the ras/3T3 colonies (™0.7-1.2 mm) at 59% the efficiency (30%) of the highly oncogenic ras/3T3 cell line.
PLCγ/3T3 transformants induce tumors after injection into nude mice
To assess the tumorigenicity of the PLCγ/3T3 transformants, 10 6 cells were injected into 6-week-old female athymic Ncrnude mice (Table II) 
Discussion
The literature contains conflicting reports concerning the role of PI hydrolysis during mitogenesis. PDGF receptor mutants that do not activate PI hydrolysis induce a normal mitogenic response (19) (20) (21) (22) . Moreover, the CSF-1 receptor does not activate PI hydrolysis, yet CSF-1 stimulation leads to proliferation of macrophages and fibroblasts (23) . It was therefore proposed that PI hydrolysis is not crucial for growth factorinduced mitogenic signaling (19) (20) (21) (22) (23) . However, different conclusions were reached from studies with other PDGF receptor mutants. When all five tyrosine phosphorylation sites of the PDGF receptor were eliminated, including the PLCγ binding site, PDGF no longer induced a mitogenic response in HeLa a Cells were seeded at 2ϫ10 5 per 100-mm dish and grown in DMEM supplemented with 10% fetal calf serum for up to 9 days. Duplicate dishes were harvested and counted daily. Cultures were replenished with fresh media every other day. Doubling time was estimated from log-phase growing cultures and saturation density was determined 4 days after the cultures reached confluence. Experiments were repeated three times. b Experimental details were described in the Materials and methods section. The percent efficiency was determined after 18-21 days of incubation by scanning each culture with a dissection scope and randomly counting cells within the 0.35% agar layer. A cluster of cells was scored positive if it contained eight cells or more. Three experiments were performed in duplicate. Average colony size was estimated with a micrometer objective. c Tumorigernicity studies were performed with 6-to 8-week-old female athymic Ncr-nude mice. They were injected subcutaneously with 10 6 cells suspended in 100 µl of PBS. Mice that developed tumors were euthanized when the tumor mass exceeded 25 mm 2 . Mice that did not develop tumors were observed for 80-100 days. cells (24) . If the PLCγ binding site alone was restored, the mitogenic capacity of the PDGF receptor was rescued, demonstrating that PLCγ activation plays a significant role in PDGF-induced mitogenesis (24) . Studies with the fibroblast growth factor receptor 1 (FGFR1) and a mutant FGFR1 that is unable to activate PLCγ and stimulate PI hydrolysis support a role for PLCγ during mitogenesis and showed that FGFR1 signals via two distinct pathways (3). One pathway activates ras and the other PLCγ. The two pathways converge on Raf-1 before MAP kinase is activated. The significance of the sitespecific phosphorylation of Raf-1 has not been determined, but similar differential phosphorylation of the p70 S6 kinase 182 has dramatic effects on the catalytic activity of the kinase (25) .
The activity of Raf-1 may also be regulated by kinase-specific phosphorylation. Each branch of the FGFR1 signaling pathway was sufficient to elicit a mitogenic response, demonstrating that PLCγ can induce mitogenesis independent of ras signal transduction. Similar conclusions were reached when ras was neutralized by the monoclonal antibody Y13-259 (26) and when PLCγ was co-injected, the ras block did not inhibit the PLCγ signal to induce DNA synthesis in quiescent NIH 3T3 cells (14) . PLCγ is a multiple function enzyme that regulates early events during the transmembrane signal transduction induced by a variety of growth factors and cytokines. Ectopic expression of PLCγ in quiescent NIH 3T3 cells induces mitogenesis as demonstrated by the ability of PLCγ to transcend the G 1 restriction point and induce DNA synthesis (9) similar to oncogenes like raf (27) and ras (28) . However, the tumorigenicity of PLCγ after stable expression in NIH 3T3 cells needed to be tested. We have shown in this report that overexpression of PLCγ in NIH 3T3 cells leads to increased growth rates and saturation densities, reduced serum requirements for growth, loss of contact inhibition, and anchorageindependent growth in soft agar. Furthermore, in vitro PLCγ transformed cells form tumors in vivo after subcutaneous injection into nude mice.
How can overexpression of PLCγ lead to cellular transformation? PLCγ enzymatic activity enhances signal transduction by activating PKC and supplying Ca 2ϩ to potentiate the kinase reaction (1, 2, 12) . Seven PKC isoenzymes have been studied by overexpression in NIH 3T3 cells to examine their transforming potential (29) (30) (31) . Only PKCγ and PKCε were found to induce anchorage-independent growth in soft agar and to form tumors after subcutaneous injection of nude mice. PKCα overexpression induced altered growth characteristics and a partial transformed phenotype. PKCα is the primary isozyme expressed abundantly in NIH 3T3 cells, while endogenous levels of the other six isozymes are low or undetectable. Most likely there is a synergy between the increased intracellular Ca 2ϩ concentrations, and the activation of PKC that results after overexpression of PLCγ that mediates cellular transformation! PKCα has been shown to directly phosphorylate and activate the Raf-1 protein kinase (4, 32) . The up-regulation of Raf-1 signaling is likely to be, at least in part, one mechanism involved in the transformation of NIH 3T3 cells after overexpression of PLCγ (MRS, unpublished observation).
Oncogene signal transduction pathways have recently been shown to impact the activity of cell-cycle regulatory proteins (33) (34) (35) (36) (37) (38) (39) . Perhaps PLCγ overexpression deregulates cell-cycle Fig. 5 . FACS cell-cycle distribution analysis: Overexpression of PLCγ delays G 1 and mitosis, while S and G 2 are expedited. Cell-cycle analysis was run on log-phase proliferating cultures of vector/3T3 cells (A) and two PLCγ/3T3 clones (B and C). Cells (1-2ϫ10 5 ) were seeded into 100-mm dishes, grown to~60% confluence, harvested with trypsin and washed with PBS. Lysis was achieved in Thornthwaite cell-cycle buffer supplemented with 10 units/ml of RNase A and 35 µg/ml of propidium iodide. The analysis was run with a Coulter EPICS Profile. The percent of the population in each cell cycle phase is indicated within each box. The percent mitotic cells was determined by fixing log-phase growing cultures, staining with Giemsa, and scoring~6000 cells per cell line for interphase or mitotic phases. Cells were plated on glass coverslips at low density and allowed to grow to~60% confluence before fixation in cold methanol/acetone. Cells were stained with Giemsa and~7000 cells per cell line were scored for interphase and mitotic phases. The results are the mean and standard deviation for three experiments performed in duplicate.
183 progression. A family of related cyclin-dependent kinases (cdks) regulate progression through the various phases of the cell cycle and are subject to multiple levels of control (40) (41) (42) (43) . In yeast, positive (cdc25) and negative (wee1 and mit1) regulators of mitosis have been described (44, 45) . The role of the single yeast cdc25 gene in regulating the G 2 /M transition is well documented (42, 46) . In humans, cdc25 consists of a multigene family with A, B and C isoforms that share 40-50% sequence homology (47, 48) . cdc25A has been shown to be essential for DNA replication after serum stimulation of quiescent murine fibroblasts (49) and cdc25 A and B have been shown to transform cells (50) . Recently, it has been shown that raf-1 associates with and activates cdc25 (33) . Since PLCγ signaling activates PKC and leads to the phosphorylation and activation of the raf-1 kinase, it is possible that the PLCγ signal transduction pathway interfaces with the cell-cycle machinery through raf-1 and cdc25. Often, mitogenic capacity measured by thymidine incorporation does not necessarily reflect tumorigenicity. In this study, we have shown that overexpression of PLCγ in NIH 3T3 cells induces focus formation, increased growth rate, a faster doubling time, reduced serum requirements for proliferation, changes in cell-cycle distribution and growth in soft agar. More importantly, PLCγ transfectants form tumors after subcutaneous injection into athymic nude mice. These findings, along with the observation that PLCγ expression has been reported to be high in human meningiomas (51) , and colorectal (52-55) and breast (53) carcinomas, implies that PLCγ may play an important role in the progression of cancers.
